Tle variation hi electron-phonon coupling strength for rare earth ions has been studied by measuring vibronic transition probabilities and temperature dependent line broadening for a large number of rare earth ions in differennt host lattices. The results show a large variation in the electron-phonon coupling strength (almost three orders of magnitude) and a remarkable trend: the coupling is strong for ions in the beginning and at the end of the lanthanide series and weak in the middle. In covalent host lattices the coupling is much stronger than in ionic host lattices. An explanation of the results is given and tle consequences of the variation of the electron-phonon coupling strength on phenomena like multiphonon relaxation, energy transfer and cooperative luminescence are discussed.
Introduction
The shielding of the 4f electrons by the outer 5s2 2 and 5p6 electrons give the lanthanides their unique luminescence spectra dominated by sharp zero-phonon lines. These characteristic spectra resemble spectra found in atomic (gas) spectroscopy. It is well known that the coupling of the 4f electrons with their surroundings is weak due to the shielding. Still, many important phenomena like multiphonon relaxation, (phonon assisted) energy transfer, cooperative luminescence and cross relaxation are only possible due to interaction of the 4f electrons and their surroundings. Until recently, systematic studies on the variation of the electron-phonon coupling strength for lanthanides have been scarce [1] [2] [3] . In a few studies the variation of the electron-phonon coupling strength for rare earth ions have been studied. The coupling has been predicted to be approximately the same for all rare earths, to decrease through series, or to be strong in the beginning and at the end of the series and weak in the middle. Also for the host lattice dependence conflicting ideas have been proposed: both weaker and stronger coupling for rare earth ions in covalent host lattices have been reported [4, 5, 7] .
In this paper any overview will be given of eight years of systematic research in our group on the electron-phonon coupling strength for rare earth ions [6] [7] [8] [9] . Two methods have been used to probe the variation in the electron-phonon coupling strength: vibronic transition probabilities and temperature dependent line broadening. Vibronic transition probabilities have been determined for light (Pr 3 +), middle (Gd3+) and heavy (Τm3+) lanthanides. The results show a large variation in the electron-phonon coupling strength, with the strongest coupling for the heavy and light lanthanides. A systematic study of the temperature dependent line broadening for transitions within the 4fn configuration of a large number of lanthanides (viz. Ce3+, Pr3+, Νd3+, Eu3+, Gd3+, Τb3+, Er3+, Tm3+ and Yb3 +) in LiYF4 confirms this trend: the electron-phonon coupling is strong in the beginning and at the end of the lanthanide series and weak in the middle. A qualitative explanation for this trend will be given in terms of lanthanide contraction, shielding factor for the 4 f electrons and the position of the opposite parity state.
The influence of the host lattice on the electron-phonon coupling strength has been studied b y comparing vibronic transition probabilities and temperature dependent line broadening for various lanthanide ions in La2O3 and LiYF4. The results show that the electron-phonon coupling is considerably stronger in a covalent host lattice (La2O3).
In the last section of this paper the consequences of the large variation of the electron-phonon coupling strength for rare earth ions in the phenomena like multiphonon relaxation, cooperative luminescence and energy transfer will be discussed for different rare earth ions in different host lattices.
Vibronic transition probabilities
Vibronic transitions are due to a combined electronic and vibrational transition. In the luminescence spectra of rare earth ions they can be observed as weak side bands next to strong zero-phonon lines. In Fig. 1 an example of vibronic lines is given. The intensity of the vibronic lines depends on the coupling of the 4f electrons with their environment: stronger coupling leads to stronger vibronic lines. Α good measure of the intensity of vibronic lines is the integrated transition probability for vibronic side bands for an intraconfigurational 4fn transition. Vibronic transition probabilities can be determined by measuring the intensity of the vibronic lines relative to the zero-phonon line and the radiative transition probability for the zero-phonon line which can be obtained from decay time measurements. In Ref. [7] the procedure to determine vibronic transition probabilities is discussed in detail. For rare earth ions the vibronic transition probabilities have been determined for Ρr• 3 +, Gd3+ and recently also Τm3+ [6] [7] [8] Overlap between vibronic lines and the strong zerophonon lines due to transitions to different crystal field components makes it hard to determine vibronic transition probabilities. Still, for Τm3+ it was possible to estimate vibronic transition probabilities [8] .
In Table I some results on vibronic transition probabilities are presented for Ρr3+, Gd3+ and Τm3 + in different host lattices. Comparison of the vibronic transition probabilities shows that the values for Gd 3 + are small and that those for Τm3+ and Pr3 + are larger. For the same rare earth ion in different host 1attices the vibronic transition probabilities increase when the host lattice is more covalent: the smallest values are found for rare earth ions in LiYF4 and highest vibronic transition probabilities are found for rare earth ions in the covalent host lattice YOC1. More results on vibronic transition probabilities for Ρr 3 +, Gd3+ and Τm3 + can be found in Refs. [6] [7] [8] .
The variation of the vibronic transition probabilities is very large: for Gd 3 + in LiΥF4 a value 6 s -1 iS found. For Ρr•3+ and Τm3+ in a covalent host lattice the values are almost three orders of magnitude higher. These results show that tħe weak electron-phonon coupling can vary considerably depending on the type of rare earth ion and the host lattice. An explanation for the variation of the electron-phonon coupling strength will be given at tħe end of the next section on line broadening.
Lille broadening
A second method to probe the electron-phonon coupling strength for rare eartl ions is temperature dependent line broadening. At elevated temperatures the line width of the zero-phonon lines increases due to phonon induced relaxation processes. Different relaxation processes can contribute to the shortening of the lifetime of both the initial and the fmal level of a transition, for example one-phonon emission and absorption, two-phonon Raman processes, multiphonon relaxation and Orbach processes [10] . The line width of a transition between the initial and final level increases (according to the Heisenberg uncertainty principle) if the lifetimes of the initial and final levels become shorter. Temperature dependent line width measurements can provide information on the electron-phonon coupling strength since stronger electron-phonon coupling will result in more pronounced line broadening. As an example of line broadening the emission spectra of the 2 2F5 /2 --> 2F7/ 2 transition on Yb 3 + in LiYF4 are shown in Fig. 2 . Up to 20 K the zero-phonon line has a Gaussian line shape due to inhomogeneous broadening. At higher temperatures the line width starts to increase and the line shape changes from Gaussian to Lorentzian, as is expected for a homogeneously (lifetime) broadened line. The drawn lines at 20 K and 80 K in Fig: 2 are fits to a Gaussian and Lorentzian line shape, respectively.
Theoretical and experimental work in the past decades has shown that for most cases of the line broadening for rare earth ions the Raman two-phonon process is dominant, although also one-phonon relaxation processes (also called direct processes) can have a significant contribution [11, 12] . The temperature dependence of the line width for the Raman process is given by
In this equation α is a parameter for the electron-phonon coupling strength, TD is the effective Debye temperature and x = ħω/kT. In Fig. 3 the temperature dependence of the line width for 3P0 -> 3Η4 and 3P0 --> 3Η6 transitions on Pr3 + in LiYF4 are shown as examples. Τhe drawn lines are fits to the equation
Here ΔEinh is the inhomogeneous line width. Τhe broken lines are simulations in which also one-phonon relaxation processes to a large number of crystal field components within the phonon energy range are included. Τhe contribution of the one-phonon processes is small. Α good estimate for the electron-phonon coupling strength can be obtained b y fitting the line broadening data to Eq. (2) in which only the dominant two-phonon Raman process is included. The electron-phonon coupling parameters w have been determined for a large number of transitions on nine rare earth ions in LΑΥF4, three in the beginning of the series (Ce3+, Pr3+ and Νd3+), three in the middle (Eu3+, Gd 3 + and Tb3+) and three at the end (Er3 +, Tm3+ and Yb3+). The results are compiled in Fig. 4 . In this figure a clear trend in the variation of the electron-phonon coupling strength for rare earth ions can be observed. The coupling is strong in the beginning and at the end of the series and weak in the middle. This observation is in agreement with the results on vibronic transition probabilities for Pr 3 +, Gd3+ and Tm3+ reported in the previous section.
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To explain this variation in electron-phonon coupling strength two effects are considered:
1) Due to the lanthanide contraction the 4f orbitals are contracted and the overlap between the 4 f orbitals and their environment will decrease for heavier lanthanides.
2) The shielding of the 4f electrons by the 5s 2 and 5p6 electrons varies through the lanthanide series.
Blok and Shirley have reported a decrease in the shielding parameter σ2 from Ce3+ (σ2 = 1.1) to Yb 3 + (σ2 = 0.6). The smaller screening factors for the 4f electrons of the heavier lanthanides gives rise to an increase in electron-phonon coupling strength through the lanthanide series. The combination of the two ef- 1 5 fects, lantha nide contraction and shielding, with an opposite influence on the electron-phonon coupling strength can explain the symmetric behaviour around the half-filled shell configuration. The first effect, lanthanide contraction, is well established. For the second effect, the shielding factor for 4f electrons, different values have been reported. For example, Newman and Price have calculated a much higher shielding factor for Gd 3 +. Intuitively, a high shielding factor can be expected for the half-filled shell configuration 4f 7 . A high shielding factor for the 4f electrons is in agreement with the very weak electron-phonon coupling observed for Gd3 +.
E l e c t r o n -P h o n o n C o u p l n g i n R a r e E a r t h C o m p o u n d s1
The ń• values for Tb3+ are higher than expected. To explain this o b s e r v a t i o n , t h e p o s i t i o n o f t h e 4 f n -1
d s t a t e s h a s t o b e c o n s i d e r e d ( F i g . )
. B e t w e e n Gd3+ and Τb 3 + there is a large discontinuity. The much lower position of the 4fn-15 d state for Τb3+ explains the relatively high value for the electron-phonon coupling strength. Due to the low energy of the 4fn -15d state, the admixing of this opposite parity state into the 4 f' states is larger which gives rise to stronger electron-phonon coupling.
To study the influence of the host lattice on the electron-phonon coupling strength, line broadening was measured for Ρr 3 +, Nd3+ and Gd3+ in La2O3. In Table lIthe results of fits to Cc. (2) for the temperature dependence of the line width are given for transitions between the same multiplets for Pr3+, Nd3+ and Gd3 + in LiYF4 and La2O3. In all cases stronger coupling (higher values) are found for rare earth ions in La2O3. This observation is in agreement with the data on vibronic transition probabilities reported above. An increase in covalency in the host lattice can be considered as an increase in the spatial extension of the electron wave functions of the rare earth ions and the ligands. The larger spatial extension of the 4f orbitals and the ligands enhances the electron-phonon coupling strength.
Consequences
Now that we understand how the electron-phonon coupling strength varies through the series of rare earth ions and how it depends on the covalency of the host lattice, it is interesting to see how this large variation in electron-phonon coupling strength manifests itself in phenomena like multiphonon relaxation, (phonon--assisted) energy transfer and processes which involve interaction between neighbouring rare earth ions. All these processes are expected to be most efficient for the light and heavy lanthanides in covalent host lattices. For (phonon-assisted) energy transfer there is a large number of data in literature on transfer rates between different rare ions in different host lattices. Unfortunately, a comparison of the transfer rates to see the effect of the variation of the electron-phonon coupling strength on the transfer rates is difficult. Other factors, like differences in. the energy mismatch, also influence the transfer rate. Α second complication is that different methods of analysis are used to derive transfer rates and this seems to influence the values which are found for the transfer rates. Still, the effect of covalency is well known: energy transfer is more efficient in covalent host lattices than in ionic host lattices [14] .
A nice example of a process which involves the interaction between two neighbouring rare earth ions is cooperative luminescence. This effect has been observed for the first time for Υb3+ in Yb PO4 [15] . Excitation in the 2F5 / 2 level of Yb 3 + at about 10 000 cm -1 yields a weak emission in the green at exactly the double energy of the 2F5 / 2 2F7 /2 transition of Yb 3 +. The weak green emission is explained by the cooperative transition of two neighbouring Υb 3 + ions in the excited state to the ground state. After the first observation, cooperative luminescence has also been observed for Υb 3 + in other host lattices with Yb 3 + concentrations down to 10% [16] . Recently cooperative luminescence was observed for a very low concentration of Yb 3 + in La 2 O 3 (0.5%) [17] '. With the present knowledge on how the interaction of the 4f electrons of rare earth ions with their environment depends on the type of rare earth ion and the covalency of the host lattice, this observation can be understood. For the heavy rare earth ion Υb3+ in a covalent host lattice (La2O3) a strong coupling is expected. This explains the observation of cooperative luminescence for such a low Yb 3 + concentration. Α third phenomenon where the inIluence of the electron-phonon coupling is expected is multiphonon relaxation. For stronger electron-phonon coupling, faster multiphonon relaxation is expected. The most widely used model for multiphonon relaxation, the energy gap model, does not take a variation of the electron-phonon coupling strength into account: the relaxation rate only depends on the energy gap and the maximum phonon energy. For various host lattices (crystals and glasses) doped with different rare earth ions the exponential energy gap law has been shown to be a good approximation [18] . The fact that the variation of the electron-phonon coupling strength is not clearly observed is probably. due to the fact that the multiphonon relaxation rates are plotted on a logarithmic scale and that usually values for different ions in the same host lattice are compared. To study if the influence of the variation in electron-phonon coupling strength can be observed in multiphonon relaxation rates, we studied the multiphonon relaxation for Gd3+ (middle) and Νd3+ (light) in LiYF 4 (ionic) and La2O3 (covalent). The maximum phonon energy in the two host lattices is similar (about 500 cm -i) and for both rare earth ions multiphonon relaxation rates were measured over energy gap of about 2000 cm -1 ( 6I7/2 -6Ρ3 / 2 for Gd3+ and 2P3/2 -> 4 D5/2 for Νd3+). Based on the energy gap law, the multiphonon relaxation rates should be similar for all four cases since energy gaps and the maximum phonon frequencies are similar. Based on the variation in electron-phonon coupling strength, the fastest multiphonon relaxation is -expected for Νd 3 + in La2O3 and the slowest for Gd 3+ in LiYF4 . To determine the multiphonon relaxation rates the temperature dependence of the decay time of the higher level (6I7/2 for Gd3+ and 2P3/2 for Νd3+) was measured. Tle results were fitted to Here AR is the radiative decay rate (assumed to be temperature i n d e p e n d e n t ) , A N R ( T ) i s t h e m u l t i p h o n o n r e l a x a t i o n r a t e , n i s t h e p h o n o n o c c u p a t i o n number for the highest energy phonons and p = ΔΕ/ħω, the total number of phonons involved in the multiphonon relaxation process. The results of the fits"are shown in Table IIf . For Gd 3 + the multiphonon relaxation rates Α (0) were also estimated from the ratio of the emission intensities from the 6Ρ7/2 and 6I7/2 level at 4 K. The rates determined from the relative intensities of the emission from the two levels are in good agreement 'with those in Table III . For Νd 3+ it was not possible to measure the relative emission intensities from the two levels because part of the emission is in the infrared and there is an overlap between emission lines from the two levels. This makes the values reported for the multiphonon relaxation rates for Νd 3 + less reliable. The large variation in multiphonon relaxation rates for the four systems shows that the multiphonon relaxation does indeed depend on the electron-phonon coupling strength. For comparison values which were found for the four systems are included in Table III . The multiphonon relaxation rates vary in the same way as the values: the larger is, the higher the multiphonon relaxation rates are. To establish a more convincing relationship between and multiphonon relaxation rates, a more detailed study of a much larger number of transitions s required.
Conclusions
The variation of the electron-phonon coupling strength for rare earth ions is large. Measurements on vibronic transition probabilities and temperature dependent line width measurements show that the electron-phonon coupling strength is larger for the light and heavy rare earth ions, and smaller for ions in the middle. This variation can be understood qualitatively by two effects with an opposite influence on the electron-phonon coupling strength: lanthanide contraction and the shielding of the 4 f electrons by the 5s and 5p electrons. The coupling is also influenced by the host lattice: in a covalent host lattice the coupling is stronger. The difference in electron-phonon coupling strengths has important consequences in processes that involve the interaction of the 4f electrons and their surroundings.
